half-time (t 1/2 ), we found that GFP-RCC1 was highly mobile during interphase and metaphase (t 1/2 ϭ 2. 08 These values are comparable with t 1/2 ϭ 0.20 s for GFP fused to glutathione S-transferase (GST), which is not Results and Discussion expected to interact with chromatin. Thus, the NTR is critical for the dynamic interaction of RCC1 with chromaTo study the interaction of RCC1 with chromatin in living tin and may play a role in the regulation of this intercells, we expressed the protein as a fusion with green action. fluorescent protein (GFP). As expected, GFP-RCC1 local-A major mechanism of mitotic regulation is the phosized predominantly to chromosomes throughout mitosis phorylation of key target proteins catalysed by protein ( Figure S1 in the Supplemental Data available with this kinases that are activated during mitosis [9]. We found article online). We confirmed that the interaction of GFPthat recombinant human RCC1 was strongly phosphory-RCC1 with chromatin in interphase nuclei and mitotic chrolated in a mitotic human cell extract ( Figure 3A ) and in mosomes was highly dynamic [4, 5] by analyzing the reeluates of mitotic chromosomes assembled in Xenopus egg extracts ( Figure S2A ). Phosphorylation was abolished by removal of the NTR, suggesting that it contained
, which forms a stable complex Ran and requires an N-terminal region containing a with RCC1 [4, 5] . The relative decrease in FRAP rate nuclear localization signal. We show that this region of GFP-RCC1 on chromosomes at telophase persisted contains sites phosphorylated by mitotic protein kiwith the D182A mutant (t 1/2 ϭ 2.60 Ϯ 0.93 s), indicating nases. One site, serine 11, is targeted by CDK1/cyclin that other regulatory mechanisms are involved in this B and is phosphorylated in mitotic human cells. Phoschange. In contrast to the D182A mutation, removal of phorylation of the N-terminal region of RCC1 inhibits the N-terminal region (NTR) consisting of 27 amino acids its binding to importin ␣/␤ and maintains the mobility dramatically disrupts the localization of RCC1 but does of RCC1 during metaphase. This mechanism may be not alter its nucleotide exchange activity [3] . The reimportant for the localized generation of Ran-GTP on sulting truncated protein (GFP-⌬27-RCC1) was highly chromatin after nuclear envelope breakdown and may mobile in both the cytoplasm (t 1/2 ϭ 0.20 Ϯ 0.05 s) and play a role in the coordination of progression through the nucleus (t 1/2 ϭ 0.36 Ϯ 0.04 s) of interphase cells.
mitosis.
These values are comparable with t 1/2 ϭ 0.20 s for GFP fused to glutathione S-transferase (GST), which is not Results and Discussion expected to interact with chromatin. Thus, the NTR is critical for the dynamic interaction of RCC1 with chromaTo study the interaction of RCC1 with chromatin in living tin and may play a role in the regulation of this intercells, we expressed the protein as a fusion with green action. fluorescent protein (GFP). As expected, GFP-RCC1 local-A major mechanism of mitotic regulation is the phosized predominantly to chromosomes throughout mitosis phorylation of key target proteins catalysed by protein ( Figure S1 in the Supplemental Data available with this kinases that are activated during mitosis [9] . We found article online). We confirmed that the interaction of GFPthat recombinant human RCC1 was strongly phosphory-RCC1 with chromatin in interphase nuclei and mitotic chrolated in a mitotic human cell extract ( Figure 3A ) and in mosomes was highly dynamic [4, 5] by analyzing the reeluates of mitotic chromosomes assembled in Xenopus egg extracts ( Figure S2A ). Phosphorylation was abolished by removal of the NTR, suggesting that it contained *Correspondence: paul.clarke@cancer.org.uk all the targeted sites. Examination of the sequence reinteraction between RCC1 and importin ␤ was not due to Ran-GTP ( Figure 3C ). The interaction of RCC1 with vealed three potential phosphorylation sites that are conserved between mammals: serines 11, 20, and 26. An importin ␤ is likely to involve the adaptor importin ␣3 [10, 11]. Indeed, the NTR-dependent binding of importin additional serine is present at position 2 in human RCC1 ( Figure 3B ). Mutation of all four serines to alanines com-␣3 to GFP-RCC1 was also inhibited in mitotic cell extracts. In the NTR, mutation of potential phosphorylation pletely abolished RCC1 phosphorylation, whereas mutation of individual serines indicated that more than one sites to alanines prevented this inhibition, whereas mutation of serines 2 and 11 to glutamates, which may site was phosphorylated. In particular, mutation of serine 2 or 11 reduced phosphorylation (Figures S1B and mimic phosphorylated residues, prevented importin ␣3 binding to RCC1 ( Figure 3D ). These results suggest that S1C). The NTR contains a lysine-rich importin binding motif that functions as a nuclear localization signal [10, phosphorylation of the NTR ejects importin ␣/␤, thereby facilitating the interaction of RCC1 with chromosomes 11]. We found that the interaction of importin ␤ with RCC1 was inhibited in mitotic cell extracts. We obtained during mitosis.
We studied in more detail the phosphorylation of the similar results using importin ␤
45-876
, which lacks the Ran binding domain, showing that mitotic disruption of the conserved site, serine 11, which may be targeted by 
mates (GFP-RCC1
AAAA and GFP-RCC1 EEEE , respectively), RCC1 destabilizes its interaction with chromatin during metaphase. were localized, like wild-type GFP-RCC1, to the nucleus of interphase cells and predominantly to the chromoOur results suggest a model for control of the dynamic interaction of RCC1 with chromatin by phosphorylation somes of mitotic cells ( Figure 5A ). FRAP analysis ( Figure  5B) showed that the mutants were also highly mobile during metaphase ( Figure 6 ). The mobility of RCC1 is determined by its affinity for importin ␣/␤ in a highly during interphase; this is probably because the high concentration of Ran-GTP in the nucleoplasm destabimobile, soluble pool, as well as by its affinity for chromosomes and its interaction with Ran. Phosphorylation of lizes the interaction of importins with their cargos. However, in metaphase, the FRAP rate of GFP-RCC1 AAAA on RCC1 by chromosome-associated protein kinase activity displaces importin ␣/␤ from the NTR and permits chromosomes was markedly reduced (increased t 1/2 ), whereas GFP-RCC1 EEEE was as dynamic as the wild-type interaction of RCC1 with chromosomes, in part through its seven-bladed propeller core [13, 14] , but perhaps protein, which is likely to be highly phosphorylated at this stage of mitosis. Thus, phosphorylation of RCC1 is also through the NTR, which may form contacts with DNA [15] or protein components of chromatin. Phosrequired to maintain its high mobility on chromosomes during metaphase. At telophase, both GFP-RCC1 AAAA phorylation of the NTR may also stimulate guaninenucleotide exchange activity of RCC1. We speculate and GFP-RCC1 EEEE became less mobile, similar to wildtype GFP-RCC1. This indicates that although dephosthat this could be achieved by increasing the rate of formation of a transient nucleotide-free complex bephorylation of RCC1 may play a role in this change, other mechanisms predominate.
tween Ran and RCC1 on chromatin [4] , followed by destabilization of the interaction of RCC1 with chromatin When a spot was bleached repeatedly and total chromosomal fluorescence was measured (fluorescence once Ran has been loaded with GTP and released. (In the case of the D182A mutant, RCC1 would be released loss in photobleaching, FLIP), GFP-RCC1 EEEE was bleached more rapidly than the wild-type protein in rapidly from chromatin without interacting with Ran.) Thus, phosphorylation would couple the dynamic intermetaphase ( Figure 5C ), and this is consistent with this mutant being highly mobile on chromosomes. GFPaction between RCC1 and chromatin to guanine nucleotide exchange activity toward Ran. Once RCC1 is re-RCC1 AAAA showed a biphasic response in FLIP, initially being bleached even more rapidly than GFP-RCC1 EEEE leased into the cytosol, dephosphorylation of the NTR would permit rebinding of importin ␣/␤. In this way, the while the second phase of signal loss was slower than that of the wild-type. This result suggests that a highly mobility of RCC1 between chromosomes and cytosol during metaphase may be coupled to a cycle of phosmobile, soluble pool of GFP-RCC1 bound to importin ␣/␤ is increased with the AAAA mutant, but the interacphorylation and dephosphorylation of the NTR. Phosphorylation of RCC1 by CDK1/cyclin B repretion of GFP-RCC1 AAAA with chromatin is more stable than GFP-RCC1, as is evident from its decreased FRAP rate.
sents the first example of the release by phosphorylation of a nuclear protein from a potentially inhibitory complex Together, these results indicate that phosphorylation of with importins during mitosis. This mechanism may be bility to mitotic progression. Evidence from Xenopus egg extracts has indicated that changes in the association of particularly important during open mitosis when the nuclear envelope breaks down and RCC1 is exposed to RCC1 with chromosomes during mitosis may be linked to control of a kinetochore attachment checkpoint [16]. high concentrations of cytoplasmic importins while the concentration of Ran-GTP is reduced due to its dispersal Toward the end of mitosis, the reduction that we have observed in overall mobility of RCC1 may play a role throughout the cell. If RCC1 activity were not maintained by the additional mechanism of phosphorylation, Ranin switching its function from directing mitotic spindle assembly to formation of the nuclear envelope and the GTP production could collapse catastrophically. Furthermore, it may be advantageous to couple RCC1 morestarting of nuclear transport [6, 17, 18]. 
